A new code PREC2 was developed by modifying the PREC code to solve equilibrium OTTO cycle of the pebble bed reactor. The effective multiplication factor at the equilibrium cycle can be chosen as an input. The PREC2 code can analyze high-coverter (or breeder) reactors, for which the calculations by the SOR-Newton method employed in the PREC code can not be converged. KEYWORDS Among various high temperature reactor concepts the pebble bed reactor has a special place due to its unique fuel element concept (1) (2) . In the pebble bed reactor, a fixed graphite reflector forms a container for the core which consists simply of a multitude of graphite balls. The balls are typically 60 mm in diameter with the required quantities of fuel particles embedded within.
They are cycled slowly and continuously through the core by gravity, and can either pass through the reactor numerous times before being discarded, or only once in the core in the socalled OTTO (Once Through Then Out) cycle.
The pebble bed reactor has the advantage of excellent neutron economy, since it uses helium as the coolant and graphite as the construction material as well as the moderator, and need not install control rods (shim rods) to compensate for the excess reactivity for burn-up.
High conversion ratio can be expected when thorium fuels are loaded in the reactor. ( 3 ) or as ( 4 ) where C : Energy released per fission Ni ,k: Atomic density of isotope i for ball moving pattern k Vk: Volume of inserted (or discharged) uel including void per unit time for ball moving pattern k.
In Eq. ( 3 ), the core is divided into several regions along each fuel moving pattern in core. The suffix k denotes one of these regions. Equation ( 3 ) expresses the power from the material balance, and Eq. ( 4 ) with the neutron flux.
By using the finite difference approximation for space variable, these equations are transformed to a system of algebraic equations. The obtained system of equations is nonlinear, and the PREC code solves this system by SOR-Newton method.
It analyzes the equilibrium OTTO cycle.
The effective multiplication factor keff in Eq. ( 1 ) is not an eigenvalue but an input value opened for the user's free choice, and some other parameter such as enrichment or moderation ratio for the inserted balls is adjusted to hold above equations.
The accuracy of the code was verified by investigating the effects of the mesh spacing and by comparing with the calculations with other codes CITATION (5) and V.S.O.P. (3) .
For most conventional reactor designs the PREC code worked very well, but the iterative calculation of the SOR-Newton method was not converged for some high conversion reactors as shown in the next chapter.
II.
PROBLEM are shown in Fig. 1 along iteration times. The calculation was diverged for very low enrichment (Nu/NHM=0.01) for any value of SOR-Newton relaxation parameter.
The convergence condition for SOR-Newton method might not be satisfied for this case. When the spectral radius of this matrix is less than unity, the iteration of this method is converged (7) .
However the matrix Ho(x*) used in the PREC code is so large and complicated that either analytical or numerical estimation of the spectral radius is almost impossible.
To investigate the relation between the calculation condition and the spectral radius of Ho(x*), the spectral radius for a simplified calculation model was tried to be estimated. Table 2 shows the calculation conditions for the simplified model. In this calculation both diffusion and burn-up calculations were onedimensional (axial direction only), and the numbers of energy groups and spatial meshes were only 1 and 10, respectively, and the employed nuclides for burn-up calculation were only 232Th and 233U. The size of Ho(x*) was 31 x31. The spectral radius of this matrix could be easily calculated numerically using the solution of the equilibrium cycle, which was obtained with the new method described in Chap. IV. This means that if the enrichment of the fresh fuel is very small, the iteration of the SOR-Newton method is not converged and the equation of the equilibrium cycle cannot be solved with this method. The calculated result of the spectral radius is consistent with the previous PREC result shown in Fig. 1 .
For the smaller enrichment of fresh fuel, the conversion ratio usually became higher. The smaller thermal power and the fuel residence time also resulted in the higher conversion ratio. In these cases, the simplified analysis showed that the spectrum radius of Ho(x*) became also larger.
From these simplified analyses, it appeared that the reactors with very high conversion ratio can not be analyzed with PREC. In order to analyze breeders or very high converters of this type of reactor, a new code is necessary to be developed.
III . NEW METHOD FOR ANA-LYZING EQUILIBRIUM CYCLE ON HIGH CONVERSION
We developed a new method, which is rather similar to the conventional methods used for reactor analyses.
The method consists of two main independent calculations. One is the neutron calculation to solve Eq. ( 1 ), where keff is not an input variable but treated as an eigenvalue of the diffusion equation. The atomic densities in core necessary for this calculation are given by the previous iteration or as initial guess only for the first iteration.
The neutron flux is normalized by the thermal power with Eq. ( 4 ). The other calculation is the burn-up calculation along the stream line to solve Eq. ( 2 ). When neutron flux is given, Eq. ( 2 ) can be taken as a linear differential equation for N, with initial value which is the fresh fuel atomic density at core top. With using the neutron flux given by the diffusion calculation and the fresh fuel atomic density at core top, Eq. ( 2 ) can be solved to give atomic density of all nuclei in whole core for the given neutron flux. If the atomic densities are different from those for diffusion calculation, then the diffusion calculation is performed again with new atomic density, and Eq. ( 2 ) is solved with the results of diffusion calculation.
This iterative procedure of these two calculations is continued until neutron flux, keff and atomic densities are converged. The converged values are the solution for equilibrium condition.
This calculation procedure is different from conventional method such as V.S.O.P. code, where burn-up calculations with flux renormalization are done at each so-called small burn-up time step, diffusion calculation is done at each so-called large burn-up time step, and fuel movement simulation is performed at each so-called shuffling time step. This procedure is repeated from the initial core until the equilibrium condition. The present method solves directly the equations for equilibrium condition, then it needs much less calculations than the conventional method.
For investigating the convergence characteristics of this method, a small code was made to analyze the simplified model treated in Chap. II .
For the first case we investigated the convergence characteristics of the reactors for which the iteration of SOR-Newton method was converged.
The value of the enrichment of fresh fuel (NU/NHM) was taken to be 0.10, 0.04 or 0.02. The value of the moderation ratio (Nc/NHM) was the value obtained with the SOR-Newton method for keff=1. The changes of the relative residuals of neutron flux and the atomic number density of 233U along iteration times are shown in Fig. 3(a) and (b), respectively.
The relative residual of neutron flux is defined by the way similar to Eq. ( 5 ), and the relative residual of the atomic number density is defined as ( 7 ) Both Fig. 3(a) and (b) show that the iterations were converged.
The converged effective multiplication factor was unity, and the converged neutron flux and atomic number density distribution were the same as those -73 -obtained by the SOR-Newton method. Next we investigated the reactors for which the iteration of SOR-Newton method was not converged.
The enrichment of the fresh fuel (NU/NHM) was chosen to be 0.012. Since the SOR-Newton method was not converged, the moderation ratio of fresh fuel (NU/NHM) for keff=1 was unknown, then the calculations were done for the moderation ratios of 100, 200, 300 and 400. The changes of the relative residuals of neutron flux and the atomic number density of 233U along iteration times are shown in Fig. 4(a) and (b) , respectively.
Both figures show that the iteration was converged.
The obtained effective multiplication factor, conversion ratio, and burn-up of discharged fuel are shown in Table 3 . From this table we can expect that the iteration is converged also for keff=1. The moderation ratio, conversion ratio and the burn-up of discharged fuel were obtained to be 132, 1.08 and 1.69x105 MWd/t-HM, respectively. The obtained flux distributions of fast neutrons (1st group) and thermal neutrons (4th group) are shown in Fig. 6(a) and (b) , respectively, and the atomic number density distributions of 232Th and 233U are shown in Fig. 7 (a) and (b), respectively. 
